In the oleaginous yeast Yarrowia lipolytica, de novo lipid synthesis and accumulation are induced under conditions of nitrogen limitation (or a high carbon-to-nitrogen ratio). The regulatory pathway responsible for this induction has not been identified. Here we report that the SNF1 pathway plays a key role in the transition from the growth phase to the oleaginous phase in Y. lipolytica. Strains with a Y. lipolytica snf1 (Ylsnf1) deletion accumulated fatty acids constitutively at levels up to 2.6-fold higher than those of the wild type. When introduced into a Y. lipolytica strain engineered to produce omega-3 eicosapentaenoic acid (EPA), Ylsnf1 deletion led to a 52% increase in EPA titers (7.6% of dry cell weight) over the control. 
Y
arrowia lipolytica is one of the most extensively studied "nonconventional" yeasts with importance in multiple industrial applications (1) and has been engineered for the commercial production of omega-3 eicosapentaenoic acid (EPA) (2) . Although Y. lipolytica is an oleaginous yeast capable of accumulating large amounts of lipid in the cell, lipid accumulation schemes using hydrophobic carbon sources as substrates have been reported in many cases (3) (4) (5) . For de novo lipid synthesis using glucose as a carbon source, nitrogen limitation or a high carbon-to-nitrogen (C/N) ratio is the most commonly employed condition to increase intracellular lipid accumulation. However, in wild-type cells, lipids accumulate to Ͻ20% of dry cell weight (DCW) (6, 7) , and it usually takes 3 to 10 days to accumulate the maximum level of lipids (7) . Thus, an understanding of the regulation of lipid synthesis and accumulation will allow us to engineer this organism for increased rates of lipid accumulation, thereby significantly reducing the cost of manufacture for lipids and valuable lipid-derived compounds.
Biochemical studies of various enzymes involved in de novo lipid synthesis have provided an explanation for how oleaginous microbes accumulate lipids under conditions of nitrogen limitation (reviewed in references 4 and 8). Briefly, nitrogen exhaustion in the medium results in stimulation of AMP deaminase, which breaks down AMP to IMP and ammonium in order to salvage nitrogen. The decrease in the AMP concentration inhibits isocitrate dehydrogenase, and accumulated isocitrate is equilibrated by aconitase with citrate, which then exits the mitochondria for acetyl coenzyme A (acetyl-CoA) generation by cytosolic ATPcitrate lyase (ACL). ACL activity is thought to be critical for lipid synthesis, and cytoplasmic malic enzyme was also shown to be important for lipid synthesis by supplying NADPH for fatty acid synthesis in certain oleaginous microorganisms. Although homologs of these enzymes were found in Y. lipolytica (9) , there are not many biochemical studies of these enzymes in this yeast. It also remains to be examined if this mechanism is applicable to other nutritional limitations that induce lipid accumulation, such as phosphate, magnesium, or sulfur limitation.
We are interested in discovering and controlling the global regulatory factors of lipid synthesis and accumulation in Y. lipolytica. One of the known regulators involved in lipid metabolism and carbohydrate storage in eukaryotes is the family of SNF1/ AMPK protein kinases that are evolutionarily conserved from yeast (SNF1) to mammals (AMPK) and plants (SnRK1). SNF1/ AMPKs are metabolic sensors that monitor cellular ATP levels, and they are required to maintain cellular energy homeostasis. When activated, SNF1/AMPK pathways upregulate catabolic pathways to promote ATP production and inhibit anabolic pathways in order to conserve energy (10) (11) (12) .
As a metabolic regulator, SNF1/AMPKs play important roles in lipid metabolism. In fact, the first conserved function shown for these protein kinases among eukaryotes was the regulation of acetyl-CoA carboxylase, the first committed step in fatty acid synthesis (13, 14) . Saccharomyces cerevisiae Snf1 (ScSnf1) is involved in the transcriptional regulation of the ScINO1 gene for phospholipid metabolism (15, 16) , and as a key regulator of glucose repression, ScSnf1 also regulates the ScAdr1 transcription factor, which controls expression of the genes required for ethanol, glycerol, and fatty acid utilization and those encoding peroxisomal proteins (17, 18) . SNF1/AMPKs are a heterotrimeric complex composed of a catalytic ␣-subunit (Snf1 in yeast) and two regulatory subunits, the ␤-subunit (Sip1, Sip2, or Gal83 in yeast) and the ␥-subunit (Snf4 in yeast) (19) . Three upstream kinases (Sak1, Elm1, and Tos3) that phosphorylate and activate the SNF1 complex have been identified (20) . Recently, ADP was shown to activate the S. cerevisiae SNF1 complex as well as mammalian AMPK by preventing it from dephosphorylation by protein phosphatases (21, 22) .
Little is known about the function of SNF1 in oleaginous organisms. Here we show that the Y. lipolytica SNF1 complex is a key regulator of lipid accumulation. We also identified components of the SNF1 complex and pathway in Y. lipolytica. The Y. lipolytica snf1 (Ylsnf1) mutant and deletion mutants of other components of the SNF1 pathway conferred high-level accumulation of lipids even in the presence of nitrogen, displaying a constitutive oleaginous phenotype. We also show that differentially expressed genes in the Ylsnf1 mutant identified by microarray analysis are highly enriched with genes involved in lipid metabolism under oleaginous conditions.
MATERIALS AND METHODS
Media and growth conditions. Yeasts were grown at 30°C in the following media. Synthetic dextrose (SD) contains 2% glucose and 0.67% yeast nitrogen base (YNB) with ammonium sulfate and without amino acids. For synthetic medium plates with different carbon sources, 2% glucose, 2% glycerol, or 1% ethanol was added as the sole carbon source with 0.67% YNB. Ethanol was added after autoclaving when the medium was sufficiently cooled. In the case of oleate medium, 0.1% oleate plus 0.5% Tween 40 was added after autoclaving. Bacto agar (2%) was used to solidify the media. For growth on plates, cells were plated from a single colony from freshly streaked freezer stocks. High-glucose medium (HGM) is composed of 8% glucose, 0.63% KH 2 PO 4 , and 2.7% K 2 HPO 4 (pH 7.5). FM medium is composed of 2% glucose, 0.67% YNB, 0.5% yeast extract, 0.6% KH 2 PO 4 , 0.2% K 2 HPO 4 , and 0.15% MgSO 4 heptahydrate.
Strains. All Y. lipolytica strains in this study were derived from wildtype strain ATCC 20362 (MATA). Strain Y2224 is a ura3 derivative of ATCC 20362. Strain Y4184 is a strain engineered to produce about 25% (wt/wt) total fatty acids (TFA) as EPA via expression of a ⌬9 elongase/⌬8 desaturase pathway (2) . Strain Y4184U is a ura3 derivative of strain Y4184.
Plasmid construction. Plasmid pYRH10 was constructed to effect complete deletion of the YlSNF1 locus. Specifically, pYRH10 is composed of a 702-bp AscI/BsiWI fragment of the 5= promoter region of the YlSNF1 gene, a 719-bp PacI/SphI fragment of the 3= terminator region of the SNF1 gene, a 2.6-kb BsiWI/PacI fragment containing the Y. lipolytica URA3 gene (GenBank accession no. AJ306421), and a 2.7-kb SphI/AscI fragment containing an ampicillin resistance gene, bacterial f1, and ColE1. Plasmids for complete deletion of other genes were generated by replacing the PacI/SphI and BsiWI/PacI fragments of pYRH10 with promoter and terminator regions of the gene to be deleted. For the construction of pYRH29, the promoter region of the YlSAK1 gene was flanked by AscI/HindIII sites, and the fragment containing the URA3 marker was flanked by HindIII/PacI sites. Primers used for PCR amplification of the promoter and terminator regions are listed in Table 1 . The terminator region of the YlSNF1 gene was amplified by primers 3F-SNF1 and 3R-SNF1, and it contains a naturally occurring SphI site, which was used for cloning. Likewise, the promoter region of the YlGAL83 gene was amplified by primers 5F-GAL83 and 5R-GAL83, and it contains a BsiWI site.
Generation of Y. lipolytica deletion strains and quantitative realtime PCR. Y. lipolytica strains were transformed with the AscI/SphI fragment of pYRH10, pYRH28, pYRH29, pYRH30, pYRH31, or pYRH33 for the deletion of YlSNF1, YlSNF4, YlSAK1, YlGAL83, YlELM1, or YlSIP2, respectively (Table 1) . Transformants were selected on SD plates lacking uracil. To screen for deletion mutants, quantitative real-time PCR (qPCR) was performed. The Y. lipolytica translation elongation factor gene TEF1 (GenBank accession no. AF054510) was used as a positive control. The qPCR method allowed for the identification of deletion mutants even in the presence of wild-type contamination. The delta threshold cycle (C T ) values (on a log 2 scale) between the control TEF1 gene and the target gene were determined, and if the values exceeded 5, the colonies were restreaked, and new colonies were selected and analyzed by qPCR. A "clean" deletion strain was identified as one generating no signal for the target gene and a positive signal for the TEF1 control gene. qPCR primers and TaqMan probes targeting the gene of interest and the control TEF1 gene were designed with Primer Express software v. 2.0 (Applied Biosystems, Foster City, CA) (see Table S1 in the supplemental material). The 5= end of the TaqMan fluorogenic probes designed for the target genes has the 6-FAM (6-carboxyfluorescein) fluorescent reporter dye bound, while the 3= end comprises the TAMRA (carboxytetramethylrhodamine) quencher dye for the detection of probes. The 5= end of the TaqMan fluorogenic probe designed for the TEF1 gene has the VIC fluorescent reporter dye bound, while the 3= end contains a nonfluorescent quencher. The VIC and 6-FAM probes have different emission wavelengths, enabling simultaneous detection in the same qPCRs. Real-time PCRs included 10 pmol each forward and reverse primer, 2.5 pmol each TaqMan probe, 10 l TaqMan Universal PCR Master Mix-No AmpErase uracil-N-glycosylase (UNG) (catalog no. PN 4326614; Applied Biosystems), 1 l colony suspension, and 8.5 l RNase-free/DNase-free water for a total volume of 20 l per reaction. Reactions were run on the ABI Prism 7900 sequence detection system, and real-time data were collected automatically during each cycle by monitoring 6-FAM and VIC fluorescence. Deletion mutants were identified as generating a fluorescent signal for TEF1 and no fluorescent signal for the target gene.
Deletion of the YlSNF4 gene was detected by colony PCR using Taq polymerase (Invitrogen, Carlsbad, CA) and two different pairs of PCR primers. Primers SNF4Fii and SNF4Rii (Table 1) were designed to amplify a 1-kb region of the intact YlSNF4 gene, and primers 3UTR-URA3 and SNF4-conf (Table 1) were designed to produce a band only when the YlSNF4 gene was deleted.
Time course experiments for total fatty acid and EPA production. Samples of cultures of strain Y4184 and its Ylsnf1 derivative were taken for fatty acid analysis at six different time points over each time course experiment. The cultures were initially inoculated in SD or FM medium at a starting optical density at 600 nm (OD 600 ) of 0.1 in a total volume of 150 ml. This was then divided into six 25-ml cultures. After incubation for 48 h at 30°C at 250 rpm, a sample from the first time point (day 0) was taken for dry cell weight (DCW) and fatty acid analysis, as described previously (23) (24) (25) . Briefly, a 1-ml aliquot was collected by centrifugation, and lipids were extracted. Fatty acid methyl esters (FAMEs) were prepared by transesterification of the lipid extract with sodium methoxide and subsequently analyzed with an Agilent Technologies 6890N gas chromatograph fitted with a 0.25-mm Supelco Omegawax320 (Agilent Technologies) column. The oven temperature was ramped from 160°C to 240°C. Pentadecanoic acid (C 15:0 ) was used as an internal standard. For DCW determination, 5 ml of culture was harvested by centrifugation, washed twice in water, and dried overnight in a preweighed aluminum pan at 80°C under a vacuum. The remaining cultures (total volume of 125 ml) were then combined and harvested by centrifugation. The supernatant was discarded, and the cells were resuspended in 125 ml of HGM and transferred equally into five flasks. The cells were then incubated for up to 5 days at 30°C. At each time point, one 25-ml culture was used for fatty acid analysis and DCW measurement.
For analysis of two time points (growth and oleaginous phases), all cultures were grown in duplicate at a starting OD 600 of 0.1 in 25 ml SD medium for 48 h. The only exception was strain ATCC 20362, which was grown for 24 h to have a DCW comparable to that of Y2224 Ylsnf1 cultures (see Table 3 ). One culture was used for fatty acid analysis and DCW measurement after the growth phase. The other 25-ml culture was harvested and resuspended in 25 ml HGM. After 5 days in a shaker incubator at 250 rpm and 30°C, samples were taken for fatty acid analysis and DCW determination.
Organic acid analysis. To measure the amount of organic acids in culture media, 500 l of cell culture was transferred into a Nanosep MF 0.2-m centrifugal filtration device (Pall Corporation, Port Washington, NY) to collect cell-free filtrate. The filtrate was analyzed by ion-exchange chromatography (Dionex DX600; Thermo Fisher Scientific, Sunnyvale, CA), in which organic acids were detected by their distinct conductivity properties, measured in microsiemens. A gradient concentration (0 to 60 mM) of the potassium hydroxide mobile phase was applied over the total run time (45 min) to separate organic acids and other anions. The conductivity detector quantitatively determined anions based on a standard calibration curve generated from anions of known concentrations.
RNA preparation and microarray analyses. To prepare RNA samples, cells were grown in SD medium at a starting OD 600 of 0.1. Cells were grown at 30°C to an OD 600 of 2.0. A 10-ml aliquot from each culture was harvested by centrifugation at 2,000 ϫ g for 2 min. The cell pellet was immediately frozen in liquid nitrogen and stored at Ϫ80°C. Total RNA was prepared from cell pellets by using TRIzol reagent (Life Technologies, Carlsbad, CA). Cell breakage was carried out by using a Mini-Beadbeater 8 instrument (BSP, Bartlesville, OK). The extracted total RNA was then purified by using a Qiagen RNeasy kit.
The RNA samples were sent to Roche NimbleGen (Madison, WI) for cDNA synthesis and hybridization to a custom-made microarray chip based on their proprietary Maskless Array Synthesizer technology. Data acquisition was also performed by Roche NimbleGen. Data from individual arrays were analyzed with Agilent Gene Spring GX 10 (Agilent Technologies, Santa Clara, CA). Data were normalized by using the quantile normalization method. Student's t test with unequal variance was performed to identify genes whose expression levels changed significantly between the Ylsnf1 mutant samples and the control samples. Dual criteria consisting of a P value threshold of Յ0.05 and a 1.3-fold-change cutoff were applied to identify genes whose expression levels were significantly changed in the Ylsnf1 mutant samples. A P value cutoff of 0.05 (without a fold change cutoff) was applied to create an extended gene set of differentially expressed genes for gene ontology (GO) enrichment analysis. The GO analysis was performed by using the R 
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package "GOStats" (http://www.bioconductor.org/packages/release /bioc/html/GOstats.html). A P value cutoff of 0.01 was used to identify GO biological processes that are significantly enriched in the set of differentially expressed genes (see Table 4 ).
Quantitative reverse transcription-PCR analysis.
The same strains used in the microarray analysis were used for quantitative reverse transcription-PCR (qRT-PCR). Cells were grown in SD medium at a starting OD 600 of 0.1 and harvested at an OD 600 of 2.0 (exponential phase) or after 48 h (stationary phase) (23) . RNA samples were prepared as described above. To remove any residual genomic DNA, 3 g of total RNA was treated with RNase-free DNase (Qiagen, Hilden, Germany). The DNase was then inactivated by 1 mM EDTA and heating to 75°C for 5 min. One microgram of DNase-treated RNA was then converted to cDNA by using the High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. cDNA was then diluted 1:10 in RNase-free water for qPCR analysis.
qPCR was performed for the target genes listed in Table 6 . All primers and probes listed in Table S1 in the supplemental material were designed by utilizing Primer Express v 3.0.1 software (Applied Biosystems, Foster City, CA). Primers were evaluated for specificity by BLAST analysis using the Y. lipolytica Genolevures database (http://genolevures.org/yali.html) and validated for quantitation by using genomic DNA. Primers with PCR efficiencies of between 0.85 and 1.15 were validated for quantitation (data not shown). All qPCRs were run in triplicate on the ABI 7900 SDS instrument (Applied Biosystems, Foster City, CA), as described above. Relative expression was calculated by using Data Assist Software v3.01 and the ⌬⌬C T method (Applied Biosystems, Foster City, CA). Genes encoding 18S rRNA were identified by the software as the optimal endogenous control genes and were utilized for data normalization. The relative expression level was then calculated by comparing the gene expression levels in the different strains and under different growth conditions. Data Assist Software calculated P values to test the statistical significance of differences in expression levels at a 95% confidence interval between the control and snf1 mutant strains for all three biological replicates.
Microarray data accession number. The microarray data presented here have been deposited in NCBI's Gene Expression Omnibus (GEO) (26) and are accessible under GEO series accession no. GSE45611 (http: //www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE45611).
RESULTS

Identification of SNF1 heterotrimeric complex components in
Y. lipolytica. Snf1/AMPK kinases are highly conserved among eukaryotes. In S. cerevisiae, the SNF1 complex is composed of three subunits: a catalytic alpha subunit, ScSnf1; one of three alternative beta subunits, ScSip1, ScSip2, or ScGal83; and a gamma subunit, ScSnf4. A Y. lipolytica Snf1 homolog (YlSnf1) was identified by a BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) using ScSnf1 (GenBank accession no. NP_010765) as the query sequence. YlSnf1 is encoded by YALI0D02101g (GenBank accession no. XP_502312) and shares 61% protein sequence identity with ScSnf1 (Table 2) .
In a similar manner, the protein encoded by YALI0C03421g (GenBank accession no. XP_501397) was found to be highly similar to ScSnf4. It has been annotated in the Y. lipolytica Genolevures database (http://genolevures.org/) as a "pseudogene" since no translation initiation codon could be identified within the 1,116-bp coding region from positions 452538 to 453653 on chromosome C. However, its deduced protein sequence showed that it shares 64% identity and 80% similarity with ScSnf4 (GenBank accession no. NP_011400), with an expectation value of 2e Ϫ143 . A search for an intron within YALI0C03421g based on the Y. lipolytica intron boundary consensus sequence (27) did not detect any spliceosomal intron sequences. Both the microarray and deletion analyses indicated that the gene is indeed transcribed and encodes a functional protein (see below).
Based on protein sequence comparisons, both YALI0E13926p (GenBank accession no. XP_503921) and YALI0C00429p (GenBank accession no. XP_501285) were identified as highly similar to the ScGal83 ␤-subunit (GenBank accession no. NP_ 010944). Conversely, ScGal83 is most similar to YALI0E13926p, and ScSip2 (GenBank accession no. NP_011307) is most similar to YALI0C00429p. Therefore, the locus YALI0E13926g was designated YlGAL83, while the locus YALI0C00429g was designated YlSIP2 (Table 2) .
Snf1 is not essential for the utilization of alternative carbon sources in Y. lipolytica. In S. cerevisiae, the SNF1 complex is essential for growth on alternative carbon sources. The SNF1 complex is required for derepression of glucose-repressed genes via phosphorylation of the ScMig1 transcriptional repressor (28) and also for activation of metabolic pathways for the utilization of alternative carbon sources, such as gluconeogenesis, the glyoxylate cycle, and the tricarboxylic acid cycle (29) .
To examine the role of YlSnf1 in alternative carbon source utilization, we tested the growth of the Ylsnf1 mutant on different carbon sources (Fig. 1) . The Ylsnf1 mutant accumulated comparable biomass after 2 days on glucose or glycerol compared to that accumulated by the wild-type strain. Severely reduced growth of the Ylsnf1 mutant was observed on ethanol or oleate. However, it was clear that YlSnf1 is not essential for growth on the alternative carbon sources that we tested. Y. lipolytica is an obligate aerobic Deletion of YlSNF1 gene shows constitutive fatty acid accumulation in SD growth medium. Y. lipolytica can accumulate a large amount of fatty acids in the form of the storage lipid triacylglycerol (TAG) in the cell. The most frequent means of inducing de novo lipid synthesis and accumulation in Y. lipolytica is by limiting nitrogen in the presence of excess carbon in the medium (high C/N ratio). We employed a two-stage flask assay to study the regulation of fatty acid accumulation in this organism and to look for the potential involvement of YlSnf1 in the induction of fatty acid accumulation. In "growth" medium (SD medium) which consists of both carbon (2% glucose) and nitrogen (0.5% ammonium sulfate) sources, the wild type accumulated total fatty acid (TFA) to only 7.1% (wt/wt) of DCW (Table 3) . After the growth stage, cells were harvested by centrifugation and transferred into "oleaginous" medium (high-glucose medium [HGM]) containing 8% glucose without any nitrogen source. In oleaginous medium, cell proliferation slowed down and eventually stopped due to nitrogen depletion, but TFA was accumulated to 12.6% (wt/wt) of DCW after 5 days (Table 3) , similar to the lipid accumulation reported for other wild-type Y. lipolytica strains (3, 4) . In contrast, the Ylsnf1 mutant accumulated TFA to 18.5% (wt/wt) of its DCW, or a 2.6-fold increase over the control, in growth medium where nitrogen was not limiting. Moreover, TFA accumulation of the Ylsnf1 mutant was nearly 50% higher than that of the wild type under oleaginous conditions. Interestingly, the amounts of TFA accumulated in the Ylsnf1 mutant were similar between growth and oleaginous media, indicating that the Ylsnf1 mutant displays a constitutive oleaginous phenotype. These data suggest that YlSnf1 is a negative regulator of fatty acid accumulation.
Y. lipolytica strain ATCC 20362 has been engineered to produce EPA (2) . We tested the constitutive fatty acid accumulation phenotype of Ylsnf1 in one of our EPA production strains, Y4184, which produces EPA at about 25% (wt/wt) TFA after 5 days in HGM (Fig. 2) . We introduced the Ylsnf1 deletion into a ura3 derivative strain of Y4184 (Y4184U) and carried out time course experiments to track the cellular TFA accumulation in the growth phase and after up to 5 days under oleaginous conditions. As shown in Fig. 2A , the Y4184 Ylsnf1 mutant showed high levels of TFA content in both the growth and oleaginous media. It also maintained the TFA content at higher levels than the control strain throughout the oleaginous phase. There was a significant reduction in TFA content in the Ylsnf1 mutant after the medium change (day 1), but it was restored to high levels at subsequent time points. It is not clear what caused the initial reduction, but it is likely related to cellular stress responses to nitrogen depletion.
As shown in Table 3 mechanism to control the amount of EPA in phospholipids; the enhanced EPA biosynthesis may be "pulling" more fatty acids into the pool of storage lipids, resulting in increased TFA contents in Y4184.
It should be noted that the Y4184 control strain reached its highest level of TFA accumulation on day 3 in HGM, which decreased thereafter. A similar TFA accumulation pattern was observed with wild-type strain ATCC 20362 (data not shown). This is a typical phenomenon observed for other wild-type strains of Y. lipolytica (3, 4) . However, the Y4184 Ylsnf1 mutant maintained the high level of TFA content, at about 30% (wt/wt) of its DCW. As a result, EPA production in the Y4184 Ylsnf1 mutant was increased by 52% to 7.6% (wt/wt) of DCW, compared to the control strain, with 5.0% (wt/wt) of its DCW. These results confirmed that YlSnf1 is a negative regulator of lipid accumulation in Y. lipolytica and demonstrate that the constitutive lipid accumulation of the Ylsnf1 mutant can also be applied to increase the titer of modified lipids.
Organic acid excretion by the Y4184 Ylsnf1 and control strains was measured (Fig. 2C) . The major organic acids produced by the Y4184 control strain were citrate and isocitrate, which accounted for Ͼ90% of the total organic acids produced, and the combined amount of citrate and isocitrate was approximately 8.7 g/liter (or about 2.0 g per g of DCW). This result showed that a major carbon flow was directed to citrate/isocitrate production in the Y4184 control strain, which is consistent with other wild-type Y. lipolytica strains, where the degradation of cellular lipids was accompanied by significant excretion of citric acid into the medium (6, 7) . This link between lipid accumulation and citrate excretion explains why TFA accumulation of the Y4184 control strain was decreased after day 3 in HGM ( Fig. 2A) . In contrast, the amount of citrate and isocitrate produced by the Y4184 Ylsnf1 strain decreased by Ͼ70% compared to that of the Y4184 control strain. This reduction may reflect less fatty acid degradation in the Ylsnf1 mutant, resulting in the high levels of TFA detected even after day 3 in HGM ( Fig. 2A) . A similar trend was observed with a Y. lipolytica ACC1 DGA1 transformant, which showed higher lipid contents and lower citrate production than its control strain (30) .
Interestingly, the constitutive TFA accumulation phenotype of Ylsnf1 was not observed when it was grown in a complex growth medium (FM medium) (Fig. 2B) . The addition of individual components of FM medium (e.g., phosphate buffer, MgSO 4 , or yeast extract) to SD medium revealed that it was the yeast extract that abolished the constitutive TFA accumulation phenotype of the Ylsnf1 mutant (data not shown). This may be the result of some inhibitory components or signaling molecules for TFA accumulation in yeast extract. Nevertheless, the Ylsnf1 mutant had a higher TFA content than the control strain during the oleaginous phase (a ϳ25% increase after 5 days) (Fig. 2B) .
Deletion of YlSNF4, YlGAL83, or YlSAK1 results in high levels of fatty acid accumulation. We further investigated the function of the Y. lipolytica SNF1 pathway in lipid accumulation by deleting its individual components (Table 2) in strain Y4184. Deletion of the YlSNF4 gene increased the TFA content by about 3-fold after 2 days of culturing in SD growth medium and by 39% after 5 days of incubation in HGM, compared to the control strain (Fig. 3) . This result suggests that YALI0C03421g is not a pseudogene as annotated in the Y. lipolytica database but indeed codes for a functional protein, since its deletion has a similar phenotype as that of the Ylsnf1 deletion.
Two Y. lipolytica homologs of the ␤-subunits were identified and designated YlGal83 and YlSip2 (Table 2) . When YlGAL83 was deleted in the strain Y4184 background, the mutant showed a nearly 2-fold increase in TFA accumulation in SD growth medium, and the TFA content under oleaginous conditions was 27% higher than that of the control strain. The effect of the YlGAL83 deletion on the increases in TFA accumulation in SD growth medium was less prominent than that of deletion of YlSNF1 or YlSNF4. However, deletion of the other homolog, YlSIP2, did not show any significant change in that TFA accumulation pattern compared to that of the control strain in both growth and oleaginous media.
Apart from the subunits of the SNF1 complex, we also searched for Y. lipolytica homologs of ScSnf1 upstream kinases by a BLAST search with ScSak1 (GenBank accession no. NP_011055) and ScElm1 (GenBank accession no. NP_012876) as the query sequences. ScSak1 shows the highest similarity to YALI0D08822p (GenBank accession no. XP_502591), and ScElm1 is similar to both YALI0D08822p and YALI0B17556p (GenBank accession no. XP_501022). Conversely, both YALI0D08822p and YALI0B17556p share the highest similarity to ScSak1. Therefore, YALI0D08822g was designated YlSAK1, and YALI0B17556g was designated YlELM1 ( Table 2 ). Deletion of YlSAK1 showed about a 2.6-fold increase in TFA content after 2 days of culturing in SD medium. These results suggest that YlSak1 (YALI0D08822p) is the YlSnf1 upstream kinase responsible for the regulation of lipid accumulation. However, deletion of YlELM1 did not show the constitutive TFA accumulation phenotype (Fig. 3) .
The Ylsnf1 and Ylsnf4 strains produced maximal TFA accumulation in SD growth medium; however, the Ylgal83 and Ylsak1 mutants produced maximal TFA accumulation in oleaginous medium. A possible explanation for this is that there are two homologs for the ␤-subunit and upstream kinase in Y. lipolytica, and this redundancy masks the consequences of the YlGAL83 or YlSAK1 deletion. Although YlGal83 and YlSak1 are the dominant factors controlling TFA production, their homologs may have minor contributions.
Microarray and qRT-PCR analyses show that the genes involved in lipid metabolism are upregulated in the Ylsnf1 mutant in SD growth medium. To gain insights into the transcriptional regulation under oleaginous conditions manifested by Ylsnf1 deletion, microarray analysis was performed for genome-wide gene expression profiling. We used three different isolates of the Y4184 Ylsnf1 mutants as biological replicates and three isolates of Ura ϩ derivatives of Y4184U as controls. Since the greatest difference in TFA content between the Y4184 Ylsnf1 mutant and the control strain was observed in SD medium (Fig. 2) , all isolates were grown in SD medium to mid-log phase (OD 600 of 2.0), and RNA samples were prepared for microarray analysis. We chose this condition over growth for 2 days in SD medium in order to minimize the differences in cell density and pH of the culture media between the Ylsnf1 and control strains. Fatty acid analysis confirmed that the Ylsnf1 mutants had a high TFA content under these conditions (about 30% of DCW as TFA), thus displaying the constitutively high TFA accumulation phenotype.
The microarray analysis identified a total of 280 genes showing significant differential expression between the Ylsnf1 and control strains, with 48 of them showing a Ͼ1.3-fold difference in expression levels (see Table 5 ). Gene ontology analysis clearly indicated that differentially expressed genes in Ylsnf1 strains are highly enriched for genes in lipid metabolism-related biological processes (Table 4) . Several key genes for lipid synthesis were found to be differentially expressed in the Ylsnf1 mutant. These genes include YALI0E34793g (1.34-fold increase), encoding a subunit of ATPcitrate lyase (YlAcl1); YALI0F05962g (1.36-fold increase), encoding acetyl-CoA synthetase (YlAcs2); and YALI0B19382g (1.36-fold increase), encoding fatty acid synthase (YlFas2). The Ylsnf1 mutant also showed increased expression levels of the genes related to the ␤-oxidation pathway, such as YlSPS19, YlPOT1, YlPOX4, and YALI0C16797g. This result was rather unexpected considering that lipid oxidation seemed to be significantly compromised in the Ylsnf1 mutant (Fig. 1D) . The increased expression levels of the lipid oxidation pathway genes could be a compensatory mechanism to overcome the impaired ␤-oxidation in the Ylsnf1 mutant or a secondary effect in response to the high-level accumulation of TFA in the cell. Therefore, it appears that oleaginous cells show increased gene expression levels for both lipid synthesis and breakdown processes.
Interestingly, the YlALK1 and YlALK2 genes were among the most differentially expressed genes in the Ylsnf1 mutant compared to the control, with 2.55-and 3.07-fold increases over the control, respectively (Table 5 ). These two genes encode cytochrome P450 for n-alkane utilization. It was shown previously that YlALK1 expression is regulated by the transcription factors YlYas1, YlYas2, and YlYas3, which share the highest sequence similarity with ScIno4, ScIno2, and ScOpi1 of S. cerevisiae, respectively; these S. cerevisiae transcription factors are involved in regulating ScINO1 expression (31, 32) . ScSnf1 is involved in the expression of ScINO1 via ScIno2 (15), but it is not yet known whether YlSnf1 controls the expression of YlALK genes through YlYas1 or YlYas2. More recently, it was reported that the transcription of the Y. lipolytica INO1 ortholog (YALI0B04312g) was not affected by YlYas3 (32) . Our microarray analysis did not detect any significant change in YlINO1 expression in the Ylsnf1 mutant.
To confirm the microarray results, qRT-PCR analysis was performed by using the same strains studied in the microarray analysis. We included lipid/energy metabolism-related genes that showed increased expression levels in the microarray analysis as well as the PCK1, FBP1, and ICL1 genes, whose expressions are known to be highly Snf1 dependent in S. cerevisiae (33) . We harvested cells grown in SD medium under two different conditions: the exponential phase (OD 600 of 2.0) and the stationary phase (2 days of growth) in SD medium (23) . The stationary-phase condition is comparable to cultures grown for 2 days in SD medium for the two-stage flask assays ( Fig. 2A and 3 ). The Ylsnf1 mutant had a high TFA content under both conditions, and we wanted to find out whether gene expression patterns changed between them. The qRT-PCR results confirmed the microarray results and showed that YlACL1, YlACS2, and YlFAS2 were indeed upregulated in the Ylsnf1 mutant in the exponential phase (Table 6) . Some other genes, such as YlACL2, YlCBR1, YlCDS1, YlGPD1, and YlFAS1, were also found to be significantly upregulated in the Ylsnf1 mutant in the exponential and/or stationary phase. We did not see large differences in the expression ratios between the exponential and stationary phases. The expression of the PCK1, FBP1, and ICL1 genes, which are known to be highly regulated by Snf1 in S. cerevisiae (33) , was not significantly affected by the Ylsnf1 deletion under our culture conditions (Table 6 ). In the Y4184 control strain, expression levels of these genes were increased by 1.5-to 3.5-fold in the stationary phase compared to the exponential phase (data not shown). Our results suggest that the transcriptional regulation of carbon source utilization genes by Snf1 may differ between S. cerevisiae and Y. lipolytica. However, it should be noted that the experimental conditions used in our study may not favor full YlSnf1 activity. For a more detailed analysis of the regulation of the genes by YlSnf1, conditions under which YlSnf1 is fully activated should be tested, such as glucose depletion or other cellular stress conditions (34). We did not detect YlSnf1 phosphorylation by an immunoblot assay with a commercially available antibody against mammalian phospho-Thr172-AMPK (34, 35) or its catalytic activity by a phosphorylation assay with a synthetic SAMS peptide substrate (36) . The unavailability of an antibody against YlSnf1 and the lack of a polyhistidine tract in the YlSnf1 protein (35) , however, make it difficult to draw a conclusion on YlSnf1 activity under our culture conditions. In summary, the microarray and qRT-PCR results indicated that Ylsnf1 deletion resulted in a significant upregulation of YlACL1 and YlACS2 at low C/N ratios, leading to an increased pool of cytoplasmic acetyl-CoA, which is used for TAG synthesis by the action of fatty acid synthase (encoded by YlFAS1 and YlFAS2) and glycerol-3-phosphate dehydrogenase (encoded by YlGPD1) (Fig. 4) . (Fig. 1) . This is in contrast to S. cerevisiae, where ScSnf1 is essential for growth on nonfermentable carbon sources. It was shown previously that glycerol is a preferred carbon source for Y. lipolytica and that glycerol, and not glucose, represses YlALK1 and YlPAT1 (42) . Therefore, transcriptional control by glycerol appears to be independent of Snf1 in Y. lipolytica. A clear difference between growth of the Ylsnf1 mutant on glycerol and growth on ethanol (Fig. 1) suggests that gluconeogenesis and the glyoxylate pathway are regulated differently in Y. lipolytica, as is the case with another aerobic yeast, K. lactis (43) . Similar to S. cerevisiae snf1, where ␤-oxidation and peroxisome proliferation are defective (44) , the Y. lipolytica snf1 mutant showed significantly reduced growth on oleate compared to the wild-type control (Fig. 1D) .
DISCUSSION
One of the most important findings from our study is that YlSnf1 is involved in the transition from the growth phase to the oleaginous phase. As with other oleaginous organisms, de novo lipid synthesis and accumulation in Y. lipolytica are triggered by nitrogen limitation. However, the Ylsnf1 mutant accumulated lipids even in the presence of nitrogen, at a level comparable to that under nitrogen-limiting conditions, resulting in a constitutive lipid accumulation phenotype (Table 3 and Fig. 2A ). Several factors contribute to this phenotype. In the Ylsnf1 mutant, the ␤-oxidation pathway seemed to be compromised (Fig. 1D) , excretion of organic acids (by-products of lipid synthesis and accumulation) was dramatically reduced (Fig. 2C) , and the lipid synthesis pathway genes were upregulated (Tables 5 and 6 ). These results demonstrate regulatory roles for YlSnf1 in lipid synthesis and accumulation in Y. lipolytica. It will be interesting to test whether snf1 mutants of other oleaginous organisms exhibit a similar constitutive lipid accumulation phenotype.
Deletion of some other components of the SNF1 pathway led to constitutively high levels of TFA accumulation (Fig. 3) . These include deletion mutants of YlSnf4, YlGal83, or YlSak1. Given the phenotype, these are likely to be true components of the SNF1 pathway in Y. lipolytica. However, mutants of either YlSip2 or YlElm1 did not show a significant difference in the TFA accumulation pattern compared to the wild-type control. YlSip2 and YlElm1 may still have minor contributions in controlling TFA production but could also be important for other cellular functions. It was reported previously that S. cerevisiae SNF1 ␤-subunits and upstream kinases have different regulatory roles under different conditions (45, 46) .
Microarray and gene ontology analyses of the Ylsnf1 mutant identified a set of differentially expressed genes, which were highly enriched for lipid/fatty acid metabolism (Tables 4 and 5 ). This result suggests that YlSnf1 is involved in the transcriptional control of lipid metabolism-related genes under the conditions that we tested. qRT-PCR analysis confirmed that expressions of several key genes for de novo lipid synthesis were upregulated in the Ylsnf1 mutant, such as genes for increasing the cytoplasmic acetyl-CoA pool and TAG synthesis (Table 6 and Fig. 4) . Among other differentially upregulated genes in the Ylsnf1 mutant, there are also YlCBR1, which is implicated in fatty acid desaturation (47) , and YlCDS1, which is involved in the synthesis of phospholipid (48) . All these genes are potential targets for increasing TFA contents of Y. lipolytica.
A previous microarray analysis by Morin et al. (49) identified only a few lipid metabolism-related genes, including YlDGA2, YlFAD1, and YlLIP5, that were moderately upregulated during the transition from biomass production to de novo lipid accumulation in Y. lipolytica. In contrast, our transcriptomic analyses identified many more lipid metabolism-related genes that were differentially expressed between the wild-type and Ylsnf1 strains. A possible explanation for this difference is that we studied strains that have been engineered to produce EPA. These strains have higher TFA contents than wild-type strains (Table 3 and Fig. 2A ) and are therefore likely to have a higher carbon flux in de novo fatty acid synthesis. Both studies suggest that the transcriptional changes of lipid metabolism genes are moderate and that lipid accumulation and breakdown proceed in parallel under oleaginous conditions. Considering its apparently modest regulation at the transcriptional level, YlSnf1 may also regulate lipid metabolism by posttranscriptional regulatory processes, including Snf1-dependent control of translation and phosphorylation of key enzymes. For example, SNF1/AMPKs are known to have inhibitory functions in lipid synthesis. When active, Snf1 or its mammalian counterpart AMPK inhibits acetyl-CoA carboxylase activity (fatty acid synthesis) (13, 14) , glycerol phosphate acyltransferase (TAG synthesis) (50) , and HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A) reductase (cholesterol synthesis) (51) . In plants, SnRK1 negatively regulates HMG-CoA reductase (52) and, potentially, diacylglycerol acyltransferase (TAG synthesis) (53) . Y. lipolytica Snf1 may also regulate these enzymes' activities through protein phosphor- Table 6 ), genes that were differentially upregulated in the Ylsnf1 mutant are shown. FBP, fructose 1,6-bisphosphate; GAD-3-P, glycerol aldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate.
ylation. Further studies are needed to identify the downstream targets of YlSnf1. Finally, we demonstrated that Ylsnf1 deletion can be used in an EPA-producing engineered Y. lipolytica strain to increase the product titer by 50%. The application of this trait is not limited to EPA production. It can be applied to other industrial applications, including the production of other valuable lipid-derived secondary metabolites. The advantage of constitutive lipid accumulation suggests the potential of Y. lipolytica as an efficient biofuel producer, by reducing the time needed to accumulate lipid to high levels.
